Environmental DNA (eDNA) metabarcoding is a promising tool for rapid, non-invasive 26 biodiversity monitoring. In this study, eDNA metabarcoding is applied to explore the spatial 27 and temporal distribution of eDNA in two ponds following the introduction and removal of 28 two rare fish species. When two rare species were introduced and kept at a fixed location in 29 the ponds, eDNA concentration (i.e., proportional read counts abundance) of the introduced 30 species typically peaked after two days. Thereafter, it gradually declined and stabilised after 31 six days. These findings are supported by the highest community dissimilarity of different 32 sampling positions being observed on the second day after introduction, which then gradually 33 decreased over time. On the sixth day, there was no longer a significant difference in 34 community dissimilarity between sampling days. The introduced species were no longer 35 detected at any sampling positions 48 hrs after removal from the ponds. The eDNA signal 36 and detection probability of the introduced species were strongest near the keepnets, resulting 37 in the highest community variance of different sampling events at this position. Thereafter, 38 the eDNA signal significantly decreased with increasing distance, although the signal 39 increased slightly again at 85 m position away from the keepnets. Collectively, these findings 40 reveal that eDNA distribution in lentic ecosystems is highly localised in space and time, 41 which adds to the growing weight of evidence that eDNA signal provides a good 42 approximation of the presence and distribution of species in ponds. Moreover, eDNA 43 metabarcoding is a powerful tool for detection of rare species alongside more abundant 44 species due to the use of generic PCR primers, and can enable monitoring of spatial and 45 temporal community variance. 46 47
48
1 Introduction 49 Environmental DNA (eDNA) analysis has emerged as a powerful tool in biological 50 conservation for rapid and effective biodiversity assessment. This tool relies on the detection 51 of genetic material that organisms leave behind in their environment (Taberlet et al. 2012 ; 52 Thomsen & Willerslev 2015 ). An important application of this method is discovery, 53 surveillance and monitoring of invasive, rare, or threatened species, especially in 54 environments where organisms or communities are difficult to observe, such as aquatic 55 environments (reviewed in Rees et al. 2014 eDNA is highly dependent on its characteristics, including the origin (physiological sources), 60 state (physical forms), transport (physical movement), and fate (degradation) of eDNA 61 molecules (reviewed in Barnes & Turner 2016) . Consequently, the understanding of eDNA 62 characteristics is crucial to improve eDNA sampling designs and ensure the accuracy and 63 reliability of eDNA biodiversity assessments (Goldberg et al. 2018) . 64
Organisms shed DNA into their environment as sloughed tissues (e.g., faeces, urine, 65 moulting, mucus or gametes) and whole cells, which then break down and release DNA 66 (reviewed in Lawson Handley 2015; Thomsen & Willerslev 2015) . Studies have 67 demonstrated that eDNA production rates can be highly variable among species in aquatic 68 ecosystems (Goldberg et Once released into the environment, eDNA is transported away from organisms and 73 begins to degrade. To better understand the distribution of eDNA in relation to species 74 distribution, investigations have begun to examine how this complex DNA signal is 75 transported horizontally (i.e., downstream) and vertically (i.e., settling) in aquatic 76 environments. In lotic ecosystems, including rivers and streams, eDNA studies on horizontal 77 transport produced variable results, where eDNA is transported metres to kilometres 78 depending on stream discharge ( such as lakes and ponds, may be less complex. In still water, eDNA has been shown to 81 accumulate nearby to target organisms, with detection rate and eDNA concentration dropping 82 off dramatically less than a few metres from the target organisms (Takahara et al. 2012; 83 Eichmiller et al. 2014; Dunker et al. 2016) . Additionally, eDNA detection may provide a 84 more contemporary picture of species distribution, as transport is less important in lentic 85 ecosystems. This may allow for greater settling of eDNA in sediment at the location where 86 DNA shedding took place. Indeed, eDNA concentration of targeted fish is higher in sediment 87 than in surface water of lentic systems (Eichmiller et al. 2014; Turner et al. 2015 September at 15:00 (hereafter referred to as "D0"), an hour prior to introduction of additional 156 fish species, one 2 L water sample was taken just below the pond surface using sterile 157 Gosselin ™ HDPE plastic bottles (Fisher Scientific) at each of the five sampling positions 158 (hereafter referred to as "P1-P5") spread over 104 m, to confirm fish community composition 159 and check for potential contamination from aberrant species. Briefly, four sampling positions 160 (P1-P4) were distributed equidistant on the same shoreline of the pond, whereas P5 was on 161 the catercorner of P1 ( Fig. 1 ). After sampling on D0, four new keepnets containing 25 162 individuals each of the introduced species were placed in P1 of each pond. In pond E1, the 163 introduced species were Squalius cephalus (chub, 26.0 ± 1.8 g) and Scardinius 164 erythrophthalmus (rudd, 21.8 ± 1.5 g), whereas rudd (22.4 ± 1.6 g) and Leuciscus leuciscus 165 (dace, 19.8 ± 1.5 g) were introduced to pond E4. After fish introduction, five 2 L water 166 samples were collected at 10:00 on days 2, 4, 6 and 8 (hereafter referred to as "D2-D8", 167 introductory stage) at each position (P1-P5) in each pond. On D8, the keepnets with 168 introduced species were removed after water sampling on that day was completed. No fish 169 died in the keepnets. After removal of the keepnets, water samples were collected in the same 170 manner on days 10, 12 and 14 (hereafter referred to as "D10-D14", removal stage) in order to 171 estimate eDNA decay of the introduced species once removed from the pond. In each pond, 172 forty samples were taken over the course of the experiment (80 samples in total). The 173 introduced species were weighed after removal from ponds, and then released back into 174 indoor tanks at NCFRU. All animal research was approved by the University of Hull's 175 that target a 106-bp fragment of the mitochondrial 12S rRNA region in fish, using a two-step 204 PCR protocol for library preparation that implements a nested tagging approach (Kitson et al. 205 2018) . Previous eDNA metabarcoding studies of marine mesocosms and coastal ecosystems 206 showed that this fragment has a low false negative rate for bony fishes (Kelly et al. 2014; Port 207 et al. 2016 ). We also previously tested this fragment in situ on three deep lakes in the Lake 208 District, England, where metabarcoding results were compared to long-term data from 209 established survey methods (Hänfling et al. 2016) , and at NCFRU to investigate the impact of 210 different filters on eDNA capture and quantification (Li et al. 2018a ). Taken together, our 211 previous findings demonstrated that this 106-bp fragment is highly suitable for eDNA 212 metabarcoding of UK freshwater fish communities. 213
In the two-step library preparation protocol, the first PCR reactions were set up in a UV 214 and bleach sterilised laminar flow hood in our dedicated eDNA laboratory at the University 215 309 All stocked species were detected over the course of the experiment in ponds E1 and E4. 310
Species detection in the background communities
In pond E1, the stocked species were Abramis brama (common bream), Barbus barbus 311 (barbel), Carassius carassius (crucian carp), dace, Rutilus rutilus (roach) and Tinca tinca 312 (tench). In pond E4, the stocked species were common bream, barbel, crucian carp, chub, 313 roach, and tench (Fig. 2) . Moreover, apart from tench in pond E4, stocked species were 314 detected across all sampling positions (Fig. 2 ; Supporting Information Table A1 ). Tench was 315 the rarest stocked species in pond E4 (proportional individual and biomass was 1.32% and 316 0.82%, respectively; Fig. 2B ; Table 1 ) which may explain imperfect species detection. 317 318 3.2 Spatio-temporal detection of introduced species 319 The introduced species were not detected in samples taken prior to species introduction 320 (i.e., D0), or in process controls (filtration, extraction and NTCs). Therefore, the introduced 321 species were not present in the environment or as laboratory contaminants before the 322 experiment began. After introduction of rudd and chub into pond E1, rudd were detected 323 across the entire period the species were present (D2-D8), whereas chub were not recovered 324 on D6 in pond E1. In pond E4, both the introduced species, rudd and dace, were identified 325 across the entire period the species were present (Fig. 2) . In terms of sampling position, the 326 eDNA signal of the introduced species was strongest close to the keepnets (P1) and decreased 327 with increasing distance from this location (Fig. 2) . In pond E1, both introduced species were 328 detected until P4 (85 m from the keepnets), but not at the catercorner of the keepnets (P5, 104 329 m away from the keepnets). In contrast, in pond E4, both introduced species could be 330 detected at P5 on D6 (Fig. 3) . The detection probability of the introduced species at P1 across 331 both ponds (Supporting Information Table A2, 0.88 ± 0.13) was significantly higher than 332 other sampling positions during the entire period the species were present (Supporting 333
Information Table A2 , ANOVA, p consistently < 0.05). Moreover, eDNA concentration (i.e., 334 proportional read counts abundance) of introduced species was highest on D2 at the original 335 source (P1) in both ponds (Fig. 3A, F) . Thereafter, eDNA concentration decreased gradually 336 and reached equilibrium (i.e., the production rate equal to degradation rate) on D6, with a 337 slight increase on D8 (Fig. 3A, F ). There was also some variation in eDNA concentration 338 among species that was unrelated to fish density. For instance, the eDNA concentration of 339 rudd was higher than chub in pond E1 but lower than dace in pond E4 (Fig. 3) , even though 340 the biomass of rudd was lower than chub in pond E1 and higher than dace in pond E4 (Table  341 1). Notably, after the introduced species had been removed for 48 hrs (D8-D10), they were 342 no longer detectable at any position in both ponds (Figs. 2 & 3) . 343 344 345 On the whole, sampling day and position had significant effects on community variance, 346
Community variance in Bray-Curtis dissimilarity
using Bray-Curtis dissimilarity for ponds E1 (PERMANOVA; sampling days df = 7, R 2 = 347 0.296, p = 0.002; positions df = 4, R 2 = 0.235, p = 0.002) and E4 (PERMANOVA; sampling 348 days df = 7, R 2 = 0.241, p = 0.013; positions df = 4, R 2 = 0.271, p = 0.001). Specifically, the 349 estimates of community dissimilarity for different sampling positions between different 350 sampling days were not correlated with geographic distance, except D0 in pond E4. Overall, fish communities varied in Bray-Curtis dissimilarity before introduction on D0, 356 introduction from D2 to D8, and removal from D10 to D14 (Supporting Information Fig. A3 ). 357
The Bray-Curtis dissimilarity of the removal stage was significantly lower than the 358 introductory stage in both ponds E1 and E4 (Supporting Information Fig. A3 ; Dunn's test; E1 359 z = 3.71, p < 0.05; E4 z = 2.98, p < 0.05). In pond E4, community dissimilarity of the 360 removal stage was also significantly lower than before the introduction of species 361 (Supporting Information Fig. A3B ; Dunn's test, z = 2.45, p < 0.05). More specifically, after 362 the introduction of rare species, the highest community dissimilarities of different sampling 363 positions were observed on D2 and decreased over time in both ponds. There was no 364 significant difference between sampling days during D4-D14 and D6-D14 in ponds E1 and 365 E4, respectively (Fig. 5A1, B1 ). In terms of sampling position, the highest community 366 variances of different sampling days occurred close to the keepnets (P1) in both ponds ( Fig.  367 5A2, B2), and the community dissimilarity significantly declined with increasing distance 368 from P1 to P3. However, communities were more dissimilar at P4 compared to P3, with a 369 significant increase in Bray-Curtis dissimilarity values (Fig. 5A2, B2 ; Dunn's test, E1 z = 370 2.92, p < 0.05, E4 z = 2.95, p < 0.05). In pond E1, there was a significant reduction in 371 community dissimilarity at P5 compared to P4 ( Fig. 5A2 ; Dunn's test, z = 2.83, p < 0.05), 372 whereas in pond E4, there was no significant difference in community dissimilarity between 373 P4 and P5 (Figure 5b2 (2018b) also observed that the β -diversity of fish communities based on Jaccard distance (i.e., 460 incidence data) between sampling sites is correlated with the sampling distance along the 461 stream. 462
In the small fish ponds sampled in this study, the community variance in eDNA 463 distribution is highly localised in space. The cline of community variance over distance is 464 consistent, where eDNA signal of the introduced species is strongest at the position closest to 465 the keepnets (P1), followed by a reduction in strength from P1 to P3 and growth from P3 to 466 P4. Furthermore, two introduced species are detected at P5 in pond E4, but not at P5 in pond 467 E1. This may explain why there is no significant change in community dissimilarity between 468 P4 and P5 in pond E4, but the community dissimilarity of P5 is significantly reduced from P4 469 in pond E1. Notably, there are feeding devices and automatic aerators near P2 and P3. Thus, 470
we speculated that food released by feeding devices could attract fish and cause them to Notes: " †" indicates the rare species introduced to each pond for the purposes of this study. 682
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